We calculate the branching ratios and CP asymmetries of the B → φK decays using perturbative QCD approach, which includes kT and threshold resummations. Our results of branching ratios are consistent with the experimental data and larger than those obtained from the naive factorization assumption and QCD-improved factorization approach.
Introduction
Recently the branching ratios of the B → φK decays have been measured by the BaBar [1] , BELLE [2] and CLEO[3] collaborations. These decay modes are important to understand penguin dynamics, because the B → φK modes are pure penguin processes.
There is a following problem related a penguin contribution for amplitude [4] . A naive estimate of the loop diagram leads to P/T ∼ α s /(12π) log(m 2 t /m 2 c ) ∼ O(0.01) where P is a penguin amplitude and T is a tree amplitude. But experimental data for Br(B → Kπ) and Br(B → ππ) leads to P/T ∼ O(0.1). The penguin contribution is enhanced dynamically. This enhancement can not be explained by factorization assumption for nonleptonic two-body B meson decays [5] . This problem is explained by Keum, Li and Sanda using perturbative QCD (PQCD) approach [6] .
PQCD method for the inclusive decays was developed by many researcher for a long time, and this formalism has been successful. Recently, PQCD has been applied to the exclusive B meson decays, B → Kπ [6] , B → ππ, πρ [7] , B → KK [8] , B → Kη ( ′ ) [9] decays. We calculate the branching ratios for the B → φK modes using this approach to leading order in α s and leading power in 1/M B where M B is the B meson mass. B → φK modes depend only on penguin amplitudes, and the branching ratio for this modes is proportional to |P | 2 . Thus the B → φK modes are useful to seeing the size of the penguin amplitudes.
In this paper we compute the branching ratio for B → φK using PQCD approach. In Sec. 2, we introduce the PQCD formalism for the exclusive B meson decays. In Sec. 3, we calculate analytic formula of the factorizable amplitudes and the nonfactorizable amplitudes of the decays. In Sec. 4, we predict the branching ratios of the decays and the direct CP asymmetry of the charged mode. Our predicted branching ratios agree with the current experimental data and are larger than the values obtained from naive factorization assumption and QCD-improved factorization [10] , [11] . In the Appendix, we review the meson wave functions with up to twist-3 terms which are proportional to m 0K /M B or M φ /M B .
PQCD Factorization Theorem
The effective Hamiltonian for the ∆S = 1 transitions is
where V * qs and V qb are the Cabibbo-Kobayashi-Maskawa matrix elements [12] and O 1−10 are the local four-fermi operators. The local operators are given by
where i, j is the color indices and q is taken u, d, s and c. The Wilson coefficients C 1−10 are calculated up to next-to-leading order by Buras et al. [13] .
PQCD approach is based on the three scale factorization theorem [14] , [15] in which the matrix element can be written as the convolution of a hard part H with the hard scale t ∼ O(M B ), the meson wave function Φ with the soft scale 1/b ∼ Λ QCD where b is the conjugate variable of parton transverse momenta k T and Wilson coefficient C whose evolution from the W boson mass M W down to a scale t. In the case of the B → K transition form factor, the form factor is written as
where x is the momentum fraction of parton and γ φ is the anomalous dimension of the mesons. The hard part H can be calculated perturbatively and the Feynman diagrams are described as In this method, we can calculate not only factorizable amplitudes but also nonfactorizable and annihilation amplitudes which can not be calculated in factorization assumption.
This B → K transition form factor has two types of double logarithmic corrections in the infrared divergences. The one is α s ln 2 (P b) from the overlap of collinear and soft divergences which are generated by the correction of the meson wave function as Fig. 2 (a) and Fig. 2(b) . The resummation of this double logarithms leads to the factor exp[−s(P, b)] [16] , [17] . The explicit form of this factor is shown, for example, in Ref. [18] .
This resummation is called k T resummation. The other double logarithm is α s ln 2 (1/x) from the end-point region of the momentum fraction [19] . This double logarithm is generated by the correction of the hard part We use the approximate form of this resummation factor that is T (x) = N t {x(1 − x)} c where N t = 1.775 and c = 0.3 [20] . The Sudakov factor from k T and threshold resummations suppress large b region and end-point of x where the hard part H is singular, the hard part H can then be calculated perturbatively.
In PQCD approach, we can calculate a hard part perturbatively, and we use the meson wave functions which are formed in the light-cone QCD sum rules. The hard part depends on the processes, but the wave functions are independent on the processes. Since there are many modes in the B meson two-body decays, we can determine the parameters in the wave functions using some decays, and we can predict quantitative values for the other decays.
In this study, we calculate the hard part in leading order of α s . The meson wave functions are used with leading twist and twist-3 terms which are proportional to m 0K /M B or M φ /M B . We review the meson wave functions in the Appendix.
B → φK Amplitudes
In the light-cone coordinate, the B meson momentum P 1 , the K meson momentum P 2 and the φ meson momentum P 3 are taken to be
where r φ = M φ /M B , and K meson mass is neglected. In this situation, the B meson is at rest. The quark and anti-quark momenta in the mesons are displayed in Fig. 3 . Their components are
Since the hard part is independent on k + 1 , then we can integrate over k 
The B meson wave function for incoming state and the K and φ meson wave functions for outgoing state with up to twist-3 terms are then written as
where i and j is the color indices and α and β are the Dirac indices. m 0K is related to chiral symmetry breaking
. We neglect the wave functions which are proportional to the transverse polarization vector ǫ T φ , because these terms do not appear in our calculations. It must be noted that the expression of Φ (out) φ depends on how to define the sign of ǫ φ . The explicit form of these wave functions will be shown in Sec. 4 and the detail is shown in Appendix.
The decay rates of the B → φK have the expressions
The decay amplitudes A andĀ corresponding to B 0 → φK 0 andB 0 → φK 0 , respectively, are written as
F is the amplitude for the factorizable diagram which can be calculated using factorization assumption, and M is the amplitude for the nonfactorizable diagram. The indices e and a denote the tree type as Fig 
where there are very small contribution from the diagram with a tree operator, the index T denotes these contribution. 
Factorizable Amplitudes
The tree amplitude F T a is the same as F P a4 , but Wilson coefficient is different. N t {x(1 − x)} c is the factor for the threshold resummation. N t is a normalization factor and c is a constant. The evolution factors are defined by
The explicit forms of the factor S i (t) are given, for example, in Ref. [6] . The hard scales t, which are the typical scales in hard process, are given by
The Wilson coefficients are given by
where a T is the Wilson coefficients for the amplitude F T a . The hard functions, which are the Fourier transformation of the virtual quark propagator and hard gluon propagator, are given by
3.2 Nonfactorizable Amplitudes 
is the same as M P e4 without the Wilson coefficient.
The tree amplitude M T a is the same as M a4 , but the Wilson coefficient is different. The evolution factors are defined by
The hard scales t are defined by
The hard functions are given by
with the variables
Numerical Results
Below we summarize the parameters we have adopted in the numerical analysis of our calculation.
The B meson wave functions is used the model
where ω B1 = ω B2 = 0.400 GeV [21] . N B is determined from normalization condition eq. (55).
The K and meson wave functions are given as [22] , [23] where
, [23] , the parameters of these wave functions are given as a 1 = 0.17, a 2 = 0.20, η 3 = 0.015, ω 3 = −3.0 where renormalization scale is 1 GeV. We fix the parameters as above values, since numerical results is not sensitize of these parameters.
The φ and meson wave functions are given as [24] 
where ζ T 3 = 0.024, δ + = 0.46. We fix the parameters as above values, since numerical results is also not sensitize of these parameters.
We use the Wolfenstein parameters for the CKM matrix elements being A = 0.819, λ = 0.2196, R b ≡ ρ 2 + η 2 = 0.38 [25] , and choose the angle φ 3 = π/2 in Ref. [6] . In addition, we use the following parameters.
We show the numerical results of each amplitude for the B 0 → φK 0 and B ± → φK ± decays in Table 1 . The factorizable penguin amplitude F P e is dominant contribution to the B → φK decays. The factorizable annihilation penguin amplitude F p a generates large strong phase. In B ± → φK ± modes, there are the contribution from f B F T a and M T a . These tree amplitudes contribute a few percent to whole amplitude, since CKM matrix elements related to tree amplitudes are very small.
We predict the branching ratios for the B → φK decays as 
The current experimental values are summarized in Table 2 . The values which are predicted in PQCD are consistent with the current experimental data. However our branching ratios have theoretical error from O(α 2 s ) corrections, highr twist corrections, and the error of input parameters. Large uncertainties come from the meson decay constants, the shape parameter ω B , and m 0K . These parameters are fixed from other modes(B → Kπ, Dπ, etc.) We try to vary ω B from 0.36 GeV to 0.44 GeV, then we obtain Br(B ± → φK ± ) = (7.61 ∼ 14.1) × 10 −6 . Next, we set ω B = 0.4 and try to vary m 0K from 1.4 GeV to 1.8 GeV, then we obtain Br(B ± → φK ± ) = (6.65 ∼ 11.5) × 10 −6 .
In naive factorization assumption, the brancing ratio is very sensitive to the effective number of colors N We also compute the direct CP asymmetry defined as
If the amplitude of the B ± → φK ± decay can be written as
where the indices T and P denote the tree and penguin respectively, δ T , δ P are the strong phase, and the amplitude A T and A P are real. Then the direct CP asymmetry is given by
Our results of the strong phase are δ P = 2.76 rad, δ T = −3.04 rad and the direct CP asymmetry is
The reason why the direct CP asymmetry is very small is that the CKM matrix element for the tree amplitude is much smaller than for the penguin amplitude.
Summary
In this paper, we calculate the B 0 → φK 0 and B ± → φK ± decays in PQCD approach. Our predicted branching ratios agree with the current experimental data and are larger than the values obtained by the naive factorization assumption and QCD-improved factorization. This is because the Wilson coefficients related to penguin operators are enhanced dynamically in PQCD.
In the PQCD approach, we can calculate the strong phase from nonfactorizable amplitudes and annihilation amplitudes explicitly. We can then calculate the direct CP asymmetry of this modes, however this asymmetry is very small since the CKM matrix element for the tree amplitude is much smaller than for the penguin amplitude.
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A Wilson coefficients
The Wilson coefficients for the m b = 4.8 GeV are 
where N c is color's degree of freedom. The axial-vector wave function φ
and the pseudo-scalar wave function φ
Using HQET, we can denote φ
The B meson wave function is then written by
The normalization of this wave function is given by
where b 1 is the conjugate space of the k 1 , and f B is the decay constant of the B meson.
C K Meson Wave Functions
The wave function is defined that Φ
K,αβ,ij is decomposed into some components with different spin structure γ 5 γ µ , γ 5 , γ 5 σ µν , · · ·. These matrix elements are calculated using the twist expansion in the light-cone QCD sum rules. The twist expansion is the expansion in terms of m 0K where
The leading twist terms are independent on m 0K , the twist-3 and twist-4 terms are proportional to m 0K and m 2 0K respectively. Up to twist-3, the matrix elements are given as [22] , [23] 
0|s(0)γ 5 σ µν u(z)|K(P 2 ) = i 6
where v µ = P 
We define the following new wave functions,
The K meson wave functions are then written as φ,αβ,ij = 0|s βj (0)s αi (z)|φ(P 3 ) is decomposed into some components with different spin structure γ µ , γ µ γ 5 , σ µν , I, · · ·. The components are calculated using the twist expansion in the light-cone QCD sum rules. In this case, the twist expansion is the expansion in terms of M φ . Up to twist-3, the components are given as [24] 0|s(0)γ µ s(z)|φ(P 3 ) = f φ M φ 
0|s(0)σ µν s(z)|φ(P 3 ) = if +(ǫ φµ P 3ν − ǫ φν P 3µ )h
0|s(0)Is(z)|φ(P 3 ) = i 2 f 
